We report efficient direct optoelectronic generation of sub-ps-THz pulses on 50 ⍀ coaxial transmission lines with a 330 m diameter solid copper outer tube filled with Teflon containing the 80 m diameter inner conductor. The transmitted pulses after propagating as much as 105 mm were measured at the end of the line with an optoelectronic antenna having sub-ps-time resolution. We observed low-loss, single transverse electromagnetic mode propagation with very little group velocity dispersion. Single-mode coupling and propagation were achieved for these waveguides, and thereby demonstrated much larger bandwidths with 1/10 the loss of lithographically defined coplanar transmission lines.
1,2
Single-mode coupling and propagation were achieved for these waveguides, and thereby demonstrated much larger bandwidths with 1/10 the loss of lithographically defined coplanar transmission lines. 3 Although these waveguides are quite useful for narrow band or THz time-domain spectroscopy (THz-TDs) applications, they all have very high group velocity dispersion (GVD), which make them incapable of sub-ps-pulse propagation.
The excessive broadening of sub ps THz pulses by these waveguides is caused by the extreme GVD near the cutoff frequencies. [1] [2] [3] This excessive pulse broadening would not occur for the transverse electromagnetic (TEM) modes of a two-wire transmission line, a coaxial transmission line, or a metal parallel-plate waveguide (PPWG), that do not have a cutoff frequency. The group and phase velocities of these TEM modes are determined solely by the surrounding dielectric. Unfortunately, quasioptic coupling techniques are not effective for the complex field patterns of the TEM modes of the two wire or the coaxial transmission lines. However, efficient coupling is possible for the simple field pattern of the TEM mode of the metal PPWG and has been recently reported. 4 In a more recent demonstration, 0.22 ps THz input pulses to a flexible Cu PPWG were observed to broaden only to 0.39 ps after propagating 250 mm. 5 The minimal broadening of the output pulses was due to the absorption of the higher frequency components of the pulse by the waveguide due to the finite conductivity of Cu. Consequently, a THz interconnect capable of propagating sub-ps-pulses with minimal loss and little distortion has been realized. 3 Here, in the continuing search for the ideal THz interconnect, we report the first optoelectronic generation of subps-THz pulses launched directly into commercial sub-mmdiameter coaxial transmission lines and the optoelectronic measurement of the propagated pulses. These THz pulses were then used to characterize the frequency response of the coaxial lines by THz-TDS from 0.05 to 1 THz, the broadest bandwidth and highest frequency characterization of coaxial transmission lines to date.
For completeness we note the earlier work on the transfer of shorter than 5 ps pulses to and between coplanar and coaxial devices, 6 and the optoelectronic characterization of a microwave probe up to 400 GHz. 7 Also, the related and unusual observations of guided ps pulse propagation on the single wire of a near-field optical probe have been reported. 8 The experimental setup is different from that used previously, 1-5 because here the sub-ps-THz pulses were directly generated on the coaxial transmission line, using a new method for which the photoconductive material is brought into physical contact with the biased microstructure. As shown in Fig. 1 , the inner conductor of the coaxial line is biased at −120 V with respect to the outer conductor. The photoconductive silicon on sapphire (SOS) chip has the 0.5-m-thick silicon face in contact with the biased inner and outer conductors of the coaxial line on the polished flat input face. Ultrafast 40 fs, 800 nm incoming laser pulses at a repetition rate of 83 MHz and an average power of 88 mW illuminate the SOS to generate pulses of photoconductors. These carriers are accelerated by the strong radial elecric field from the line and thereby generate THz pulses, well matched to the propagating TEM mode. The coupled THz pulses propagate through the line and are measured at the output by an ion-implanted SOS THz antenna, for which the silicon side faces the polished output face of the coaxial line, covered by a 55-m-thick polyethylene tape for insulation from the bias voltage. The transient electric fields are detected by driving the antenna with the sampling laser pulses, as a function of the relative time delay between the excitation and sampling pulses.
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The measured propagated pulses through the 15 mm long, 44 mm long, and 105 mm long coaxial transmission lines are shown in Figs. 2(a)-2(c) . For the shortest 15 mm propagation the measured full width at half maximum (FWHM) output pulsewidth is 0.87 ps, as indicated on Fig.  2(a) ; for 44 mm the pulsewidth is 1.15 ps, and for 105 mm the pulsewidth is 1.56 ps. These relatively short pulsewidths are comparable to those generated on coplanar transmission lines. 3 However, the pulse attenuation with propagation is much less than for coplanar lines and is comparable to that a) achieved for the single conductor waveguides 1,2 and metal PPWG. 4, 5 The desired TEM propagation is shown by the small broadening observed upon propagation, mainly due to the attenuation of the high frequency components, 4,5 although there is a small GVD due to the dielectric. The structure observed on the first 20 ps of the trailing edges is considered to be reflective ringing on the output due to both the bent and extended central conductor used for biasing and the sapphire plate.
The corresponding pulse spectra are shown in Figs.  3(a)-3(c) for the coax lengths of 15, 44, and 105 mm, respectively. The large feature spectral oscillations are due to the complicated features on the trailing edge of the pulse. The rapid oscillations observed in Figs. 3(a) and 3(b) indicates the onset of the TE 11 mode.
1,2 The longer path for Fig.  3(c) has effectively attenuated the TE 11 mode with higher propagation loss. When the Fourier transform of the output pulses is only performed on the initial section of the transmitted pulse out to the times indicated by the arrows on The propagation losses for the TEM mode due to the finite conductivity of the metal can be expressed in terms of an amplitude absorption constant ␣ c given by 
It is informative to compare with the absorption coefficient of the metal PPWG given by ␣ c PP = n d R / ͑ o h͒, where h is the plate separation. 5 Again, the absorption loss ␣ d in the dielectric is the same as for a freely propagating wave. Although the coaxial line solves the problem of the beam divergence in the unguided dimension of the PPWG, it requires a dielectric to support the inner conductor. Even if the dielectric did not absorb THz radiation, ␣ c would be increased, because it is proportional to n d . However, it is relatively easy to have an air-spaced parallel plate waveguide and to thereby eliminate this loss. Consequently, the observed loss for the coaxial transmission line is significantly higher than for a comparable air-spaced PPWG due to both ␣ d and n d . Figure 4 presents the calculated ␣ c using Eq.
(1) for the 330 m diameter coaxial line, assuming a Cu inner conductor. Figure 4 also presents ␣ d from our THz-TDS characterization of Teflon, which is consistent with earlier work, 11 but is more precise. The total absorption coefficient ␣ t = ␣ c + ␣ d is also presented. For an additional comparison ␣ c PP is shown for the air spaced, Cu PPWG with h =90 m.
5 It is to be noted that the radial separation of the conductors of the 330 m diameter coaxial transmission line is also 90 m, and that ␣ c / n d = 1.25 ␣ c PP , showing that if the coaxial transmission line could be air spaced the total loss would be only 25% more than for the PPWG. For our coaxial line approximately one half of the observed loss is due to the metal and the other half is due to the dielectric.
The experimental amplitude absorption is obtained from the simple relationship A͑͒ = A o ͑͒ exp͓−␣ t ͑͒L͔, for which A o ͑͒ is the TEM mode amplitude spectrum coupled into the coaxial line, L is the line length and A͑͒ is the measured output amplitude spectrum. Thus, it is straightforward to determine ␣ t ͑͒ from the ratios of the three (dashed lines) amplitude spectra of Fig. 3 . In Fig. 4 , we plot ␣ t ͑c/b͒ and ␣ t ͑c/a͒ determined from the ratios of the measured spectral amplitudes A c ͑͒ / A b ͑͒ and A c ͑͒ / A a ͑͒, from Figs.  3(a)-3(c) , respectively. The scatter of these two determinations gives an indication of our measurement accuracy. The experimental problems mainly responsible for this scatter are the differing input pulses to the three different length lines and the differing receiver response. We do not understand why the measured absorption is significantly higher than theory, although this was also the case for the PPWG. 5 Lower conductivity metal and higher absorption in the dielectric are possibilities. Nevertheless, the agreement with theory is acceptable at this stage and shows that the system is understood.
In summary, we have characterized a sub-mm-coaxial transmission line from 0.05 to 1 THz, using direct optoelectronic generation of sub-ps-THz pulses on the line and highbandwidth optoelectronic detection of the output pulses. For 15 mm propagation we observe 0.87 ps (FWHM) output pulses, which broaden to 1.56 ps with 105 mm propagation. Our measurements are consistent with theory and show that for frequencies below the TE 11 cutoff, a sub-mm-coaxial line is a practicable TEM-THz interconnect with minimal pulse distortion and loss.
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